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Abstract
We present a new method for measuring the ratios of photoelastic coeﬃcients using Schaefer-Bergmann diﬀraction. We demon-
strate our technique for isotropic fused silica and the trigonal crystal α-BaB2O4. The measured results for fused silica agree with the
known values to within 0.4%. For α-BaB2O4, we compare our Schaefer-Bergmann diﬀraction results by measuring the photoelastic
coeﬃcients with the established Dixon method.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
We have successfully measured the ratios of the photoelastic coeﬃcients of isotropic crystal fused silica and the
trigonal, non-piezoelectric crystal α-BaB2O4 (BBO) with Schaefer-Bergmann diﬀraction (SBD). In a SBD experi-
ment, a transparent sample is ﬁlled with acoustic waves of various polarizations and propagation directions. A colli-
mated laser beam propagates through the crystal and the acoustic waves that are well Bragg matched diﬀract the light.
A Fourier transform lens maps the angles of propagation of the diﬀracted light into what is known as the SBD pattern.
SBD patterns have been utilized to measure the elastic stiﬀness coeﬃcients ci jkl [Pfeiﬀer er al. (2015); Martienssen
and Warlimont (2005); Marx and Simmons (1984)], but we believe that we are the ﬁrst to directly utilize the entire
SBD to measure the photoleastic coeﬃcients pi jkl. Although we are unable to determine the absolute magnitude and
sign of the photoelastic coeﬃcients, we are able to measure the ratios and relative signs.
2. Measuring Schaefer-Bergmann Patterns
We use phenyl benzoate to temporarily bond our crystallographically cut α-BBO sample to the fused silica refer-
ence cell that has an attached longitudinal or shear piezoelectric transducer. We launch a single frequency acoustic
wave (∼40MHz) that after several reﬂections and scatterings ﬁlls the crystals with acoustic plane wave components
with a variety of polarizations and propagation directions. An incident, collimated 532nm optical beam with either
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Fig. 1: (a) Illustration of the SBD experiment. (b) XY and (c) YZ acoustic slowness cross-sections of α-BBO.
vertical or horizontal polarization passes through an orthogonal face of the α-BBO crystal to interact with the diﬀuse
spectrally rich acoustic ﬁeld. The individual acoustic plane-wave components acousto-optically diﬀract the incident
optical wave, and only the Bragg matched components that conserve momentum will produce substantial diﬀraction.
A Fourier transform lens maps the angles of propagation of the diﬀracted light onto a CCD camera to record the
resulting SBD pattern, which is a scaled cross-section of the acoustic momentum surface that is orthogonal to the
incident beam. A polarizer selects the polarization of the diﬀracted light detected by the CCD camera.
From the recorded SBD pattern, we measure the intensity as a function of the polar angle θ on the SBD pattern
by integrating a 2D Gaussian with a 1-3 pixel width centered on the extracted and optimized slowness cross-section
overlapping the SBD pattern [Pfeiﬀer er al. (2015)]. The measured diﬀraction intensity Id(θ) allows us to determine
the ratios of the photoelastic coeﬃcients, as explained below.
3. Processing the Schaefer-Bergmann Patterns
The intensity of the SBD pattern Id(θ) for low acoustic power density Pa(θ) is
Id(θ) =
π2
λ20
n3dn
3
i p(θ)
2
ρVa(θ)3
Pa(θ)L2
2
Ii, (1)
where λ0 is the optical wavelength, nd and ni are the indices of refraction of the diﬀracted and incident light, p(θ)
is the eﬀective photoelastic coeﬃcient, ρ is the material density, Va is the acoustic velocity, Ii is the intensity of the
incident light, and L is the length of the optical and acoustic beam overlap. The eﬀective photoelastic coeﬃcient p
depends on the polarization vector of the incident and diﬀracted optical light dˆ(i)i and dˆ
(d)
j , the photoelastic tensor pi jkl,
and the second ranked unit strain tensor of the acoustic wave sˆkl
p(θ) = dˆ(i)i dˆ
(d)
iI (θ)pIJ sˆJ(θ), (2)
where in Eq. 2 and the remainder of this paper we use the contracted notation of Voigt. As Eqs. 1 and 2 reveal, we
can determine the photoelastic tensor of a sample as long as all of the other parameters are known. The indices of
refraction nd and ni and the material density ρ can easily be measured and the acoustic velocity Va can be calculated
using the Christoﬀel equation if the elastic stiﬀness tensor cIJ is known. However, Pa(θ) and L vary randomly and
unpredictably, preventing us from determining pIJ from Id(θ) and Eqs. 1 and 2. In order to determine the photoelastic
tensor, we measure the SBD pattern for a certain cross-section multiple times with diﬀerent input and output optical
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Fig. 2: (a) Plot of the analytic solutions for p(θ), using the known values p11 = 0.121 and p12 = 0.270 for fused silica, for diﬀraction from the
longitudinal wave. (b) SBD pattern for Hˆ-to-Hˆ optical diﬀraction and in blue the measured intensity Id(θ) of the diﬀraction from longitudinal wave
in arbitrary units. (c-e) Data (blue) and ﬁt (red) for I(VˆVˆ)/I(HˆHˆ), I(HˆVˆ)/I(HˆHˆ), and I(HˆVˆ)/I(VˆVˆ) for the acoustic longitudinal wave.
polarizations, which changes the photoelastic coeﬃcients that contribute to p but keeps all other parameters in Eq. 1
constant. We then take the ratios of diﬀerent SBD patterns to cancel out many of the unknowns:
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Eq. 3 shows why we can only determine the ratio of the photoelastic coeﬃcients. We can determine the relative sign
of the photoelastic coeﬃcients because p(θ) simultaneously depends upon multiple coeﬃcients.
3.1. Optically Isotropic Crystals: with fused silica as an example
For our fused silica experiments, we measured three diﬀerent SBD patterns with 1) Hˆ → Vˆ (horizontal-to-vertical),
(2) Hˆ → Hˆ, and 3) Vˆ → Vˆ polarization diﬀraction. For each of the three diﬀerent cases, we have analytically solved
for p in Eq. 2 as a function of the the polar angle θ. We assume that the incident and diﬀracted light are either purely
Hˆ or Vˆ polarized. The longitudinal wave in fused silica is a pure longitudinal mode, so the acoustic polarization
is simply equal to the normalized acoustic wavevector Kˆa(θ). With the optical and acoustic polarizations and the
photoelastic tensor, we can solve for p(θ) for each of the three diﬀerent cases: pHˆHˆ = p11 cos(θ)2 + p12 sin(θ)2, pVˆVˆ =
p11 sin(θ)2 + p12 cos(θ)2, pHˆVˆ = pVˆHˆ =
[
p11 − p12] cos(θ) sin(θ), where the superscripts refer to the incident and
diﬀracted optical polarizations and p11 and p12 are the two independent photoelastic coeﬃcients of fused silica. Fig.
2a plots p2(θ) for each of the three diﬀerent cases. We have applied Eq. 3 to the three diﬀerent data sets. Fig. 2 shows
our data and corresponding ﬁt. For the ﬁt, we ignore any data points that saturate the CCD or are below the noise ﬂoor.
For fused silica we measured p12/p11 = 2.24, which agrees with the known values to within 0.4%. For the shear wave
in isotropic crystals, all of the p (θ) are simply proportional to p44 = (p11 − p12) /2 alone, so no information about the
relative magnitude or sign of the photoelastic coeﬃcients can be gained.
3.2. Optically Uniaxial Crystals: with α-BaB2O4 as an example
Conservation of momentum limits the number of independent data sets for SBD in uniaxial crystals. For instance in
the SBD experiment with light propagating along the x-axis and a small acoustic frequency (∼40MHz), conservation
of momentum prevents ordinary polarized light yˆ from acousto-optically diﬀracting to the extraordinary polarization
zˆ and visa versa. Therefore, for light propagating along the x-axis, which results in a YZ SBD pattern, we can only
measure two independent data sets: 1) yˆ-to-yˆ and 2) zˆ-to-zˆ optical polarization diﬀraction. If we send an xˆ-propagating
light with any other polarization, the data set would simply be a linear combination of the two aforementioned data
sets. Fig. 3 shows our data and ﬁt for I(zˆzˆ)/I(yˆyˆ) for both the longitudinal and and shear acoustic waves. The second
shear acoustic wave is not visible because its eﬀective photoelastic coeﬃcient p(θ) = 0 for all θ. For our ﬁt, we ignore
data points that either saturate the camera or are below the noise ﬂoor. Our results are listed in Table 1.
For optical light propagating along the z-axis (also known as the optic axis) there are no restrictions from con-
servation of momentum, so we can measure ordinary-to-extraordinary polarized acousto-optic diﬀraction. We chose
to measure I(xˆyˆ) and I(yˆxˆ) because the diﬀracted light for the XY SBD patterns was so weak compared to the DC,
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Fig. 3: (a) Measured, averaged YZ SBD pattern for yˆ-to-yˆ optical polarization diﬀraction. Data (blue) and ﬁt (red) to the diﬀracted light from the
(b) fast acoustic wave and the (c) slow acoustic wave for I(zˆzˆ)/I(yˆyˆ). (d) Measured, averaged XY SBD pattern. (e) Data (blue) and ﬁt (red) to the
diﬀracted light from the slow shear acoustic wave.
Table 1: Measured photoelasitc coeﬃcients of α-BBO using SBD, the Dixon method, and static stress. Martynyuk-Lototska et al. (2008) measured
the piezo-optic coeﬃcients for the static stress experiment.
p11 p33 p44 p12 p13 p14 p31 p41
SBD 0.12 | + 0.23| - 0.25 0.21 -0.0007 | + 0.19| -
Dixon |0.12| |0.17| - |0.24| |0.22| |0.001| |0.21| -
Stress 0.27 -0.21 0.13 0.16 -0.08 -0.09 0.07 -0.14-0.24
undiﬀracted light that the DC spot was saturating the CCD camera, even with a DC beam block, if we did not use
crossed polarizers. Fig. 3 shows our data and corresponding ﬁt for I(xˆyˆ)/I(yˆxˆ) for the slow shear acoustic wave. We
only ﬁtted to the slowest acoustic wave because the ﬁts to the other acoustic waves were not sensitive enough to the
coeﬃcients to provide small error bars.
4. Results
In Table 1 we list the measured photoelastic coeﬃcients of α-BBO measured from the SBD and Dixon experiments
[Dixon and Cohen (1966)]. For the SBD results we set all the ratios relative to p11 = 0.12 for ease of comparison.
The SBD agrees well with the results from the Dixon technique.
The piezo-optic coeﬃcients of α − BBO have been measured by Martynyuk-Lototska et al. (2008). We have
converted the measured piezo-optic coeﬃcients by multiplying the piezo-optic tensor πIM with the elastic stiﬀness
tensor cLM measured by [Pfeiﬀer er al. (2015)] pIM = πIJcLM . The results are listed in Table 1 in the row labeled
‘Stress’. The results do not agree with the SBD and Dixon experiments, but the reported error bars for the piezo-optic
coeﬃcients do exceed 100% for some coeﬃcients.
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